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AN  INVESTIGATION  OF  VIBRATION  SIGNAL  AVERAGING  OF 
INDIVIDUAL  COMPONENTS  IN  AN  EPICYCUC  GEARBOX 


by 

I.M.  HOWARD 


SUMMARY 


An  investigation  of  vibration  signal  avaaging  for  individual  components  in  an 
epicycUc  gearbox  has  been  conducted.  A  new  signal  averaging  techrtique  was  developed 
specifically  for  analysing  planetary  gears  within  epicycUc  transmissions  using  the  vibration 
measured  on  the  annulus  gear  casing.  It  erutbles  the  acquisition  of  siffial  averages  for 
individual  planetary  gears  whereas  previous  methods  gave  a  composite  vibration  pattern 
from  all  the  plartet  gears.  The  new  technique  is  outtined  and  its  implementation  is 
described.  Remits  of  tests  on  an  epicycUc  gearbox  showed  the  advantages  of  sqraratmg 
individual  planetary  gear  averages,  cmnpared  with  previous  methods.  Other  conclusions 
include  the  effects  of  transducer  location,  number  of  tooth  mesh  cycles  averaged,  window 
width  and  the  use  arid  difficulties  with  the  composite  sun  gear  signal  average- 
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1.  INTRODUCTION 


The  eariy  detection  of  potentially  serious  faults  in  helict^ter  gear  transmissions  is 
required  in  order  to  prevent  failure,  which  can  result  in  serious  or  even  catastrophic 
accidents  [1],  Sevei^  techniques  providing  early  fault  detection  of  transmission 
components  have  been  developed  over  the  past  decades  and  include  wear  debris  analysis, 
oil  analysis  and  vibration  analysis.  All  of  these  techniques  can  form  integral  components 
of  an  overall  condition  monitcxing  program  (Health  and  Usage  Monitoring)  for 
transmission  systems  [2, 3]. 

It  is  often  desirable  to  use  a  number  of  monitoring  techruques  as  some  techniques  may  be 
unable  to  detect  the  early  stages  of  failure  for  certain  types  of  faults.  The  growth  of  a 
fatigue  crack  is  one  such  example.  A  fatigue  crack  in  a  gear  conqronent  may  initiate  and 
grow  without  the  release  of  a  detectable  amount  of  metal  particles.  In  this  instance  if  only 
oil  analysis  <a  wear  debris  rtxmitoring  techniques  are  used,  they  may  not  detect  any 
change  in  condition  before  catastrophic  failure  occurs.  Vibration  analysis  on  the  other 
hand  is  able  to  detea  the  presence  of  fatigue  cracks  in  gears  as  well  as  a  number  of  other 
faults  [4  •  26]. 

Vibration  signals  have  been  used  fm  a  number  of  years  to  detea  changes  in  the  condition 
of  gear  transmission  conqronents  [14].  Initially,  the  monitoring  was  concerned  only  with 
the  overall  vibratitm  levels.  Any  increase  in  the  overall  amplitude  of  the  vibration  was 
deemed  to  indicate  a  change  in  the  mechanical  condition  of  the  transmission.  While  this 
may  be  true  for  simple  components,  it  wiU  not  be  true  for  more  complex  mccbatucal 
systems  where  changes  in  the  total  vibration  due  to  a  deterioration  in  a  single  element 
may  be  negligible.  A  more  recent  technique  involved  the  use  of  frequency  analysis, 
where  the  amplitude  spectrum  is  calculated  from  the  measured  vibration.  Frequency 
domain  analysis  is  particularly  useful  whoi  aiulysing  mechanical  system  vibration.  Fot 
rotating  machinery,  the  various  frequency  coirqKments  can  often  be  associated  with  the 
rotational  speeds  of  the  different  sub^lements,  and  changes  in  their  amplitudes  indicates 
which  element  in  the  system  has  altered  its  condition. 

For  cortqrlex  mechanical  systems,  tiie  use  frequency  analysis  alone  m;y  not  be 
sufficient  to  detea  a  deterioration  in  the  omdition  of  single  elements.  A  heFct^ter  main 
rotor  gearbox  is  a  typical  example,  where  there  are  a  large  numba  of  rotating 
components.  Interpreting  the  frequency  content  of  such  a  system  is  complex  and  it  is  not 
always  possible  to  separate  out  tlw  contributions  of  irxlividual  components. 

A  noore  advanced  diagnostic  medrod  which  has  been  given  wiae  attention  over  recent 
yean  has  concentrated  on  the  use  of  the  signal  average,  [1,  3,  4,  6,  7].  The  vibration 
signal  is  averaged  in  dw  time  domain  over  a  large  number  of  cycles,  synchronous  with 
the  rotational  speed  of  a  particular  gear.  Not  only  does  this  procedure  he^  to  remove 
background  noise  but  it  also  eliminates  any  periodic  vibration  not  exactly  synchronous 
widr  the  gear  being  noonitoied.  The  method  has  the  advantage  of  giving  a  pktcrial 
indication  dre  vibration  produced  by  die  mesh  of  the  particular  gear  being  analysed.  It 
also  enables  a  number  of  signal  enhancement  techniques  to  be  used  on  the  signal  avenge 
to  detea  distributed  and  local  friults  in  the  gear  as  well  u  in  the  rotation  of  the  associated 
shaft  [1,3, 4, 6, 7]. 


The  two  best  known  enhancement  techniques  for  signal  averages  are  those  developed  by 
Stewart  [4]  using  the  figures  of  merit  on  both  fiequency  domain  and  reconstructed  time 
domain  data  and  those  developed  by  McFadden  [1,  6,  7]  using  the  narrow  band 
vibration.  These  techniques  have  bear  applied  very  successfully  in  the  past 
to  fixed  axis  gear  systems,  where  the  gears  rotate  on  sh^  nwunted  in  bearings  which  are 
in  fixed  positions  in  the  gearbox  case.  The  problem  area  until  recently  has  been  the 
application  of  the  signal  averaging  techniques  to  epicyclic  gear  systems,  where  a  set  of 
identical  planet  gears  are  mounted  on  a  cairier  arm  which  rotates  around  a  central  sun 
gear,  all  fitted  inside  an  annulus  or  ring  gear. 

Epicyclic  transmissions  enable  high  tonques  to  be  transmitted  due  to  the  load  sharing  of 
the  planet  gears.  They  are  used  in  the  last  stage  in  the  main  rotor  gearbox  of  almost  all 
helicopters,  and  in  large  marine  and  industrial  gearboxes.  Epicyclic  gears  have  not  been 
monitored  successfully  in  die  past,  using  signal  averaging  techniques,  because  of  the 
motion  of  the  planet  gears  and  the  sun  gear,  relative  to  one  another  and  to  the  annulus 
gear,  and  the  multiplicity  of  mesh  points.  A  helicopter  main  rotor  gearbox  typically 
contains  five  moving  planetary  gears,  giving  ten  regions  of  contact,  all  producing 
vibration  at  the  same  tooth  meshing  frequency. 

If  a  vibration  transducer  such  as  an  accelerometer  is  mounted  on  the  gearbox  casing  at  a 
fixed  location,  then  the  moving  planetary  gears  give  rise  to  a  varying  transmission  path 
from  the  mesh  points  to  the  fixed  transducer.  If  conventional  signal  averaging  techniques 
for  fixed  axis  gears  are  applied  to  the  moving  axis  planetary  gears,  then  the  individual 
planetary  gear  conqxments  cannot  be  separated,  rather  a  composite  planet  signal  average 
will  be  produced  [27].  The  composite  signal  average  consists  of  the  instantaneous  sum  of 
the  vibration  of  all  of  the  planet  gears,  detected  at  the  transducer  location.  However,  the 
vibratitm  signal  from  a  damaged  planet  gear  will,  in  this  instance,  be  combined  with  the 
vibration  fimn  the  undamaged  planet  gears.  Any  change  due  to  the  damaged  planet  gear 
will  be  reduced  in  relative  nugnitude  and  as  a  consequence  the  damage  must  be  far  mote 
severe  beftxe  it  can  be  detected.  The  differential  mesh  phasing  of  the  planet  gears  causes 
another  difficulty,  by  attenuating  the  tooth  mesh  harmonics  and  many  of  the  modulated 
sidebands,  which  cany  the  information  revealing  the  damage  [28-31]. 

To  overcome  the  limitations  which  arise  when  using  composite  epicyclic  comptMient 
signal  averages,  a  new  agnal  averaging  technique  was  developed  at  ARL  for  calculating 
the  separate  signal  averages  of  the  individual  planet  gears,  and  die  sun  gear,  using  a 
single  vibration  transducer  fixed  to  the  annulus  gear. 

This  report  outlines  the  principles  of  the  new  epicyclic  signal  averaging  technique  and 
presents  results  from  tests  using  industrial  standi  epicyclic  speed  reducers  with  a  range 
of  seeded  planet  and  sun  gear  faults.  Couqwison  is  also  made  with  the  previous 
composite  signal  averaging  technique,  showing  the  superior  sensitivity  of  the  new  signal 
averaging  procedure. 

2.  EPICYCLIC  COMPONENT  SIGNAL  AVERAGING 

In  qricyclic  gear  systems,  the  sidebands  in  the  vibration  frequency  qrectrum  are 
associated  with  the  movement  of  the  planets  and  occur  at  the  planetary  mesh  fiequency 


plus  or  minus  the  planet  pass  frequency  [28].  Their  presence  is  due  simply  to  the 
dynamics  of  the  planetary  reduction  when  the  planets  physically  pass  any  point  mi  the 
fixed  annulus  gear.  This  may  make  narrow  analysis  [1],  udieie  the  modulation 
content  in  a  narrow  frequency  band  about  die  mesh  harmonic  is  analysed  for  die  presence 
of  localised  tooth  defects,  of  little  use.  If  the  tooth  mesh  harmonic  is  suppress^  or  the 
sidebands  are  of  large  amplitude,  the  narrow  band  envelqie  and  polar  plot  ^  the  complex 
rotating  vector  may  not  be  intetpretable. 

2.1  Planet  Pass  Modulation 

A  detailed  explanation  of  die  planet  pass  induced  vibration  was  undertaken  by  McFadden 
and  Smith  [31]  who  develt^i^  a  theoretical  model  to  show  that  the  planets  passing  a 
fixed  point  of  the  annulus  gear  often  cause  asymmetry  of  the  modulation  sidebands. 
Gonqilete  suppression  of  the  tooth  mesh  frequency  and  harmonics  can  even  occur.  The 
factors  which  control  the  resultant  vibration  are  die  number  of  teeth  on  the  gears  and  the 
angles  between  the  planets. 

The  vibration  produced  by  each  planet  gear  is  modulated  at  the  planet  pass  frequency. 
This  can  be  readily  obsoved  by  conqiuting  the  signal  average  at  the  carrier  rotation 
frequency  for  an  qiicyclic  gearbox.  Figure  1  shows  the  carrier  arm  signal  average 
cal^ated  from  vibration  recordings  of  the  main  rotor  gearbox  of  a  Sea  King  helicqiter. 
Amplitude  modulation  of  the  signal  can  be  seen  as  each  of  the  five  planets  moves  past  the 
accelerometer  mounted  on  the  annulus  gear.  The  transmission  path  between  the 
transducer  and  die  meshing  of  the  planet  with  the  annulus  will  vary  as  the  carrier  arm 
rotates. 

If  it  assumed  that  the  annulus  gear  behaves  as  an  elastic  ring,  it  can  be  shown  [28]  that  the 
transfer  frinction  between  the  planet  gear  and  the  transducer  consists  of  symmetric 
harmonic  series  as  shown  in  Figure  2.  When  the  planet  gear  is  remote  from  the 
transducer,  its  contribution  to  the  total  instantaneous  vibration  will  be  smaU.  The 
dominant  contribution  will  be  from  the  meshing  of  the  teeth  of  die  planet  gear  nearest  to 
the  transducer.  This  fact  gives  rise  to  the  possibility  of  using  the  proximity  of  the  planet 
gear  to  the  transducer  as  a  means  sqiarating  out  the  vibration  from  individual  planets. 

The  modulation  of  the  vibration  signal  due  to  each  planet  pass  can  be  observed  by 
demodulating  the  carrier  arm  signal  average  shown  in  Figure  1  and  computing  the 
anqilitude  modulation  component,  shown  in  Figure  3.  The  demodulation  is  ralrnVowt  by 
first  computing  die  arudytic  signal  of  a  barx^iass  filtered  conqxment  of  die  carrier  signal 
average.  It  is  known  [1]  that  the  sigrul  average  generated  by  a  gear  after  bandpass 
filtering  about  a  dominant  mesh  harmonic  can  be  given  by, 

Zn,(t)  -  Xn,(l+an,(t))Cos(2ianTf,t-t-o„  +  bn,(t))  (1) 

where  a^jCt)  represents  the  amplitude  modulation  component  and  b|j,(t)  represents  the 
Iduse  modulation  term,  f,  is  die  carrier  atm  rotation  frequency,  T  the  number  of  teeth  on 
the  annulus  gear  and  Xg,  is  the  amplitude  of  vibration  of  die  mth  mesh  harmonic.  The 
equation  for  Zg,(t)  can  be  considered  to  be  the  real  part  of  a  conqilex  function  Cg/t) 
known  as  die  analytic  signal  and  defined  as. 


(2) 


Cn,(t)  =  Z^(t)-jH(Z^(t)). 

where  H(Zgj(t))  is  the  Hilbert  transform  of  Z(g(t).  The  analytic  function  is  illustrated  in 
Figure  4,  as  a  ctxnplex  rotating  vector  where  the  real  part  Zg,(t)  is  defined  as  the 
projection  of  the  complex  vectOT  onto  the  real  plane. 

The  Hilbert  transform  of  costot  is  -sinoM,  so  substituting  equation  (1)  into  equation  (2) 
allows  the  analytic  function  to  be  expressed  as, 

C„(t)  =  X„(l+an,(t))eK2®mTfst  +  4ta  +  bn,(t)),  (3) 

and  it  can  be  seen  that  the  length  of  the  rotating  vector  is  subject  to  amplitude  variations 
Xq,  a^jCt)  and  the  uniform  rotation  of  the  vectOT  is  subject  to  phase  variations  bm(t)-  The 
amplitude  modulation  of  the  carrier  arm  signal  average  is  shown  in  Figure  3.  If  it  is 
assumed  that  the  anq>litude  modulation  is  greatest  at  the  moment  when  the  planet  is 
directly  opposite  the  transducer  thm  the  orientation  of  the  planet  carrier  can  be  found 
with  respect  to  the  transducer  ar  any  time. 

2,2  Vibration  Windowing 

The  rotation  and  meshing  frequencies  of  an  epicyclic  gear  system  with  a  fixed  annulus 
gear,  shown  in  Bgure  S,  can  be  defrned  with  respect  to  the  sun  gear,  planet  gears  and 
carrier  arm  rotation  frequencies  fj,  fp  and  f^.  respectively.  By  superimposing  a  whole- 
body  counter-rotation  of  f^,  as  shown  in  Figure  6,  the  carrier  arm  is  brought  to  rest  and 
the  rotation  frequencies  of  the  planet  gears  and  sun  gear  relative  to  the  earner  arm 
become  fp+f^  and  fg-f^.  respectively.  Note  that  the  planet,  sun  and  annulus  gears  now 
rotate  about  fixed  axes  and  so  may  be  analysed  very  simply.  With  the  teeth  numbers 
being  represented  by  Np  Ng  and  Np  for  die  annulus,  sun  and  planet  gears  respectively, 
the  tooth  mesh  frequency  f,,,  will  be  ^ven  by 

fm  =  Nrfc=Np(fp+fc)  =  Ng(fg-fc).  (4) 

From  equation  (4),  the  rotation  frequencies  of  the  planet  gears  and  the  sun  gear  are  given 
by, 


fp  =  fcCNr-NpVNp  (5) 

fg  =  fc(Nr  +  NsyNs  (6) 

and  the  relative  rotation  frequencies  of  the  planet  and  sun  gears  with  respect  to  the  planet 
carrier  are  given  by, 

fp  +  fc  »  fc(N,/Np)  (7) 

fg-fc  »  fc(N/Ng).fgN/(Nj+Ng)  (8) 


The  frequencies  fp-t-f^.  and  fg-f^.  are  important  as  they  define  the  relative  motitm  of  tire 
epicyclic  gear  cooqxments  for  use  in  die  individual  planetary  and  sun  gear  signal 
averages. 


The  technique  develt^ied  at  ARL  to  obtain  the  individual  epicyclic  component  signal 
averages,  involves  windowing  the  vibration  signal  as  each  planet  passes  the  transducer.  If 
the  physical  path  between  the  mesh  point  and  the  transducer  is  neatly  constant,  the 
tranter  function  between  the  region  of  tooth  contact  and  the  transducer  can  be  considered 
constant  The  time  period  of  the  window  widdi  must  be  small  in  relation  to  the  carrier 
rotation  poiod. 

Consider  the  qticyclic  gearbox  illustrated  in  Figure  5  containing  three  planetary  gears, 
with  a  transducer  attached  to  the  ring  gear.  Planet  gear  A  is  at  the  angular  position  closest 
to  the  transducer  and  so  a  window  of  vitoadon  data  can  be  captured.  One  revolution  of 
the  planet  carrier  later,  different  teedi  of  die  same  planet  gear  A  will  again  be  in  mesh 
near  the  transducer,  so  that  another  window  of  vibration  data  can  be  captured.  From  the 
numbers  of  teeth  on  the  gears,  it  can  be  determined  which  teeth  on  the  planet  gear  are 
now  in  mesh,  relative  to  the  meshing  teeth  in  the  first  window.  Each  window  of  vibration 
data  is  stored  in  an  accumulate  in  the  conect  planet  gear  tooth  position.  This  process  is 
repeated  fe  each  revolution  of  the  planet  carrier  until  a  window  of  data  has  been  captured 
fe  every  tooth  on  the  planet  gear.  The  process  is  illustrated  in  Figure  7.  When  there  are 
Np  teeth  on  the  planet  gear,  Np  revolutions  of  the  planet  carrier  are  required  to  obtain 
wmdows  of  vibration  data  for  each  planet  gear  tooth  to  complete  the  signal  average.  The 
process  is  identical  for  the  remaining  planetary  gears  B  and  C. 

By  repeating  the  process  for  N^Np  revolutions  of  the  planet  carrier,  Ng  windows  of 
vibration  will  have  been  captured  m  every  tooth  on  the  planet  gear  and  planetary 
tooth  mesh  cycles  srill  be  averaged.  It  can  Ik  shown  that  the  smallest  viable  width  of  the 
vibration  window  is  a  single  tooth  mesh  period.  Broader  windows,  spaniung  a  number  of 
tooth  mesh  periods,  can  also  be  used,  providing  the  total  window  width  is  an  integral 
number  of  tooth  mesh  cycles.  By  using  a  wider  window  width  more  samples  of  Ham  are 
used  fOT  the  same  number  of  carrier  revolutions,  increasing  the  effective  numbei  of  tooth 
mesh  cycles  which  are  obtained  in  the  signal  average  and  making  more  efficient  use  of 
the  data.  It  is  desirable  that  the  window  width  is  narrow  enough  that  the  transfer  function 
between  the  region  of  tooth  contact  and  the  transducer  remains  approximately  constant 
within  each  window. 

The  same  technique  can  also  be  used  to  calculate  the  signal  average  for  the  sun  gear. 
When  a  planet  gear  is  closest  to  the  transducer  then  the  transmission  path  between  die 
mesh  of  that  plarwt  gear  with  the  sun  gear,  through  the  planet  gear,  is  shortest  By 
synchronizing  with  the  rotation  of  the  sun  gear  relative  to  the  planet  carrier,  instead  ctf  the 
planet  gear  with  respect  to  the  carrier,  the  signal  average  of  the  vibration  of  the  sun  gear 
can  be  produced.  For  the  planet  gear,  only  one  window  can  be  captured  per  revolution  of 
the  planet  carrier,  whereas  for  the  sun  gear,  a  window  can  be  captured  each  time  one  of 
the  planet  gears  moves  past  the  transducer.  This  enables  the  sun  gear  signal  average  to  be 
accumulated  more  quicUy. 

23  Composite  Signal  Averaging 

Conventional  signal  averaging  teclmiques  can  be  applied  to  qticyclic  gear  transntission 
systems  to  obtain  composite  planetary  and  sun  gear  signal  averages.  The  composite  signal 


averages  must  be  calculated  using  the  relative  rotation  frequencies  outlined  in  equations 
(7)  and  (8)  to  synchronize  the  meshing  vibration  with  the  planet  carrier  rotation. 

The  composite  signal  average  consists  of  the  instantaneous  sum  of  the  vilxadon  of  all  of 
the  planet-sun  and  planet-annulus  mesh  points,  detected  at  the  transducer  location.  In  this 
instance,  the  individual  planetary  gears  cannot  be  separated  and  the  vibration  from  a 
damaged  gear  will  be  combined  with  the  vibration  from  the  undamaged  gears. 
Consequently  any  change  in  the  vibration  modulation  due  to  the  damaged  gear  will  be 
reduced  in  relative  magnitude  and  must  be  far  more  severe  before  it  can  be  detected.  It  is 
also  found,  [28-31]  that  the  differential  mesh  pharing  of  the  planet  gears  can  attenuate  the 
tooth  mesh  harmonics  and  some  of  the  modulated  sidebands  which  carry  the  information 
revealing  the  tooth  damage.  The  equations  for  predicting  the  dominant  tooth  mesh 
frequency  components  given  in  [31]  were  found  to  hold  for  both  the  planet  and  sun  gear 
composite  signal  averages.  This  was  found  to  affect  interpretation  of  the  narrow  baixl 
iiKxiulation  envelope  and  Polar  plots  [1]  which  are  used  to  diagnose  localised  changes  in 
the  meshing  behaviour  of  gear  teeth.  When  the  transducer  is  located  on  the  annulus  gear, 
the  planet  pass  modulation  was  observed  to  affect  the  planetary  and  sun  gear  composite 
signal  averages,  due  to  the  non-uniform  amplitude  of  the  meshing  vibration  as  the  planets 
rotate  past  the  transducer.  This  does  not  occur  when  the  transducer  is  located  near  the 
centre  line  of  the  gearbox. 

3.0  EPICYCLIC  GEARBOX  TEST  FACILITY 

An  epicyclic  gearbox  test  facility  was  constructed  at  ARL  using  an  industrial  quality, 
single  sage,  Brevini  epicyclic  spur  gear  speed  reducer,  model  EMIOIO-MN,  powered  by 
a  40kW  three  phase  motor  and  loaded  by  a  conventional  dynattxnneter.  The  test  rig  is 
illustrated  schematically  in  Figure  8.  The  input  shaft  was  belt  driven  from  the  electric 
motOT  and  was  supported  by  two  angular  contact  beating  mounts,  and  contained  a  flexible 
coupling  to  facilitate  alignment  The  output  shaft  was  flexibly  coupled  to  the  splined 
carrier  arm,  through  a  large  journal  bearing  to  a  pulley,  which  in  turn  roated  a  smaller 
pulley  connected  to  the  input  side  of  the  dynamometer.  Figure  8  also  shows  die  cooling 
system  used  in  the  experimental  investigation,  where  the  oil  temperature  within  the 
gearbox  was  maintained  close  to  50%. 

3.1  Test  Gearbox 

The  epicyclic  speed  reducer,  Brevini  model  EMlOlO-MN  contained  three  planetary 
gears,  shown  in  an  exploded  view  in  Figure  9.  Two  gearbox  models  were  used  in  the 
investigation,  having  rduction  ratios  of  4.39  and  3.375.  The  tooth  facewidth  was  15.5mm 
and  the  tooth  root  thickness  was  3.5mm  for  both  reduction  ratios.  Other  details  are  given 
in  Table  1.  The  sun  gear  and  carrier  arm  were  splined  onto  the  input  and  ouqiut  shafts 
respectively.  A  synchronising  signal  was  taken  initially  from  a  photoelectric  transducer 
on  the  input  shaft  to  the  gearbox  at  a  nominally  constant  rotational  speed  of  19  Hz, 
although  a  signal  from  the  ouqiut  shaft  was  also  used.  The  two  reduction  ratios  had  rated 
loads  of  18kW  and  25kW  respectively. 


Table  1 


Epleydle  Gear  Components 


INPUT  SHAFT  SPEED 

1140rpm 

GEARBOX  NUMBER 

1 

2 

REDUCTION  RATIO 

4.39 

3.375 

OUTPUT  SHAFT  SPEED 

259rpm 

338tpm 

RATED  LOAD 

18kW 

25kW 

TEETH  NUMBERS:  PLANET 

32 

26 

SUN 

28 

40 

ANNULUS 

95 

95 

The  planet  gears  ran  on  needle  bearings,  while  ball  bearings  were  used  for  the  input  and 
output  shafts.  The  gearbox  design  contained  a  floating  sun  gear,  facilitating  equal  load 
sharing  among  the  three  planet  gears. 

Instrumentation 

The  transducers  used  in  the  investigation  were  Kistler  Model  818  low  impedance 
accelerometers,  with  a  sensitivity  of  lOmV/g  and  a  mounted  resonance  of  32  kHz.  These 
were  mounted  on  a  set  of  small  steel  blocks  bonded  to  the  gearbox  casing  at  various 
positions. 

A  six  channel  PCB  charge  amplifying  power  unit,  model  F483B08,  was  used  to  amplify 
the  low  iiiqtedance  transducers  prior  to  recording.  This  unit  contained  a  continuous  gain 
adjustment  fiom  0  to  100. 

A  Bniel  and  Kjaer  photoelectric  tachometer  probe,  model  MM0012  was  used,  containing 
an  infra-red  light  source  and  photo  senscx'.  A  strip  of  white  reflective  tape  was  attached  to 
the  shaft  giving  a  tachometer  pulse  once  per  revolution. 

The  vibration  and  tachometer  signals  were  recorded  on  a  portable  instrumentation 
recorder,  Bruel  and  Kjaer  model  7006.  This  included  four  IRIG  Standard  Wideband  1  FM 
charmels,  rutming  at  381  mm/sec  with  an  upper  frequency  limit  of  12.5  kHz  at  -1  dB. 
Instrumentation  grade  ttugnedc  trqie,  with  180mm  diameter  spools  was  used  to  record  die 
vibration  data,  giving  30  minutes  of  recording  on  each  tape.  Prior  to  digitisation,  a 
Wavetek  low  pass  anti-aliasing  brickwall  Alter  model  7S2A  was  used  for  signal 
conditioning.  This  two  chatmel  analogue  device,  with  gain  adjustment,  had  low  pass 
Alters  adjustable  from  IHz  to  99kHz. 
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4.0  SIGNAL  AVERAGING  IMPLEMENTATION 

The  epicyclic  component  signal  avera^g  technique  was  originally  developed  on  a  DEC 
LSI  1 1/73  computer  system  having  four  megabytes  of  memory,  hard  disc  of  20Mb,  floppy 
disc  drive  and  a  Sinetrac  analogue  to  digital  converter  running  under  the  DEC  RT-11 
operating  system  [32]. 

4.1  Computer  Hardware 

In  the  present  investigation,  an  IBM  compatible  AMS7RAD  PC2386/6S  personal 
computer  system  was  used,  having  four  megabytes  of  memory,  hard  disc  drive  of  6SMb, 
and  a  1.44Mb  floppy  disc  drive.  This  contained  a  20MHz  80386  processor  with  a  80387 
math  co-processor,  an  enhanced  VGA  adaptor  and  a  Minch  VGA  graphics  display. 
Standard  serial  and  parallel  ports  were  also  attached. 

A  Data  Translation  DT2821-F-8DI  data  acquisition  card  was  used  to  digitise  the  vibration 
signature,  having  eight  differential  channels.  This  provided  a  maximum  sampling  rate  of 
160kHz  of  12  bit  data  to  be  obtained  in  pc  memory,  or  a  continuous  sampling  rate  of 
80kHz  to  be  obtained  on  hard  disc,  where  a  20Mb  logical  drive  D  was  set  aside  for  this 
purpose. 

4J  Software  Operating  System 

A  DOS  4.01  operating  system  was  used  along  with  a  Microsoft  Fortran  compiler  version 
4.1  to  post  process  the  digitised  data.  A  Fortran  callable  library  of  routines,  ATLAB, 
available  with  the  data  acquisition  card  was  used  to  acquire  the  digitised  data  into  Fortran 
2-bytc  integer  anays.  A  graphics  interface  was  developed  using  a  Metawindow  Fortran 
graphics  library  and  device  driver  for  the  VGA  screen.  Standard  Fortran  FFT  algorithms 
were  then  used  to  analyse  and  post  process  the  vibration  data. 

Graphics  output  was  obtained  using  a  Brother  HL-8e  laser  printer  under  the  HP-GL 
emulation  mode.  HP-GL  compatible  software  was  written  using  Microsoft  Fortran  to 
drive  the  laser  printer  and  produce  hard  copy  output  of  all  the  signal  averages,  frequency 
spectra  and  enhancement  techniques  contained  in  this  report  The  complete  conq>uter 
hardware  system  is  illustrated  in  Figure  10. 

4J  Signal  averaging  and  enhancement 

The  process  of  signal  averaging  typically  required  over  SMbytes  of  digitised  data  to  be 
stored  on  hard  disc  for  analysis.  For  the  two  gearboxes  tested  the  mesh  frequencies  were 
410  Hz  and  333  Hz.  To  include  at  least  the  first  three  mesh  harmonics  in  the  signal 
averages,  the  anti-aliasing  filter  was  set  to  2kHz  and  a  sample  rate  of  3kHz  for  each  of 
two  channels  was  used,  giving  a  total  sample  rate  of  lOkHz.  This  enabled  270  seconds  of 
continuous  12  bit  vibration  and  tachometer  data  to  be  captured  and  stored  in  a  2-bytc 
integer  file  on  the  hard  disc. 

The  vibration  and  tachometer  data  were  then  read  from  the  hard  disc,  scaled  in  terms  of 
acceleration  units  (g)  and  rotation  units  of  the  tachometer  shaft  and  written  back  to  the 
hard  disc  in  separate  files.  The  photoelectric  tachometer  probe  produced  a  positive  pulse 


above  a  nominally  zero  voltage  level.  During  the  scaling  of  the  tachometer  data,  a  number 
of  tachometer  cycles  were  scanned  to  determine  the  maximum  and  minimum  excursions 
of  die  signal,  then  a  specified  fraction  was  used  to  determine  the  actual  threshold  from 
which  to  determine  the  shaft  rotation  period. 

From  the  scaled  vibration  and  tachometer  data  files  resident  on  the  hard  disc,  a  signal 
average  was  calculated,  synchronised  by  the  rotation  of  die  carrier  aim.  With  the 
tachometer  signal  taken  from  the  input  sun  gear  shaft,  equation  (6)  can  be  reairanged  to 
determine  the  required  carrier  arm  rotation,  given  the  sun  gear  loution.  This  was  not 
required  when  the  tachometer  signal  was  taken  from  the  output  shaft  as  the  earner  arm 
rotation  was  given  directly.  2048  or  1024  points  were  normally  used  in  the  calculation  of 
the  carrier  arm  signal  average,  cubic  interpolation  being  used  to  calculate  the  value  of  the 
vibration  signal  at  each  position  [33]. 

The  carrier  arm  signal  average  was  demodulated  as  described  in  section  2. 1  to  determine 
the  amplitude  modulation  caused  by  the  passing  of  the  planets.  The  angular  position  of 
the  peaks  in  the  modulation  are  us^  to  locate  the  planets  with  respect  to  the  transducer. 
In  this  way,  the  actual  position  of  the  planet  gears  at  any  moment  of  time  can  be  related  to 
the  original  tachometer  signal.  This  angular  position  was  used  in  the  calculation  of  the 
planet  and  sun  gear  signal  averages. 

Having  determined  the  position  of  the  planetary  gears  with  respect  to  the  tachometer 
signal,  a  window  of  the  vibration  signal  can  be  captured  each  time  a  planetary  gear  passes 
the  transducer,  the  window  width  being  a  multiple  of  tooth  widA.  The  windows  are 
located  according  to  which  teeth  of  the  respective  planet  or  sun  gears  are  in  mesh  until  a 
window  of  vibration  has  been  obtained  for  evoy  tooth.  Equations  (7)  and  (8)  must  be 
used  to  relate  the  position  of  the  planet  and  sun  gears  respectively,  to  the  tachometer 
signal  By  repeating  this  process  times,  Nj^  conqrlete  tooth  mesh  cycles  are  averaged 
as  described  in  section  2.2  The  complete  signal  averaging  process  is  shown  in  Figure  1 1. 

A  range  of  signal  averaging  enhancement  techniques  can  be  used  to  determine  the 
presence  of  local  and  distributed  gear  damage  [1,  4,  27],  In  this  investigation  five 
enhancement  techniques  were  used,  three  based  upon  narrow  band  demodulation  and  two 
based  upon  Fgures  of  Merit  Kurtosis  was  used  as  the  conditiem  index  in  each  case,  the 
normalised  fourth  statistical  momenL  The  three  narrow  band  demodulation  enhancements 
comprised  the  narrow  band  envelope,  amplitude  modulation  and  phase  modulation  and 
these  are  referred  to  as  K^y,  Kanm  and  respectively.  The  two  Figure  of  Merit 

enhancements,  FM4  and  FM3,  (4, 2^,  were  used  for  the  detection  of  local  tooth  damage. 

5.0  TEST  PROGRAM 
5.1  Seeded  Faults 

A  previous  investigation  into  the  detection  of  epicyclic  gear  faults  was  undertaken  in  the 
U.K.  [27]  whoe  progressively  larger  ptxtions  of  the  lengdi  of  one  tooth  was  removed. 
The  same  procedure  was  used  in  the  present  investigation,  where  spark  erosion  was  used 
to  remove  progressively  larger  portitms  of  the  teeth  on  the  planet  arid  sun  gears.  A  further 
investigation  involved  the  implwtation  of  a  notch  at  the  root  of  a  gear  tooth,  whose  depth 
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was  progressively  increased  until  it  was  detected.  Four  series  of  tests  were  conducted  in 
this  investigation,  two  involving  implanted  planet  gear  faults  and  two  involving 
implanted  sun  gear  faults. 

The  implanted  faults  were  initially  so  small  that  they  were  not  detected  using  the 
demodulation  enhancement  techniques.  To  obtain  information  on  the  sensitivity  of 
techniques,  these  faults  were  then  increased  until  they  were  detected.  The  investigation 
includ^  the  effects  of  progressiye  damage,  load,  number  of  tooth  mesh  cycles,  window 
width  and  a  comparison  widi  die  composite  average. 

5,2  Planet  Gear  Seeded  Faults 

5J2.1  Tooth  Width  Removal 

With  the  epicyclic  gearbox  having  the  reduction  ratio  of  3.37S  as  detailed  in  Table  1,  a 
test  sequence  was  undertaken  which  involved  the  progressive  removal  of  the  width  of  one 
of  the  planet  gear  teeth.  The  series  of  five  tests  were  a)  undamaged,  b)  20%  removed,  c) 
40%  removed,  d)  60%  removed  and  e)  80%  removed.  Figure  12  shows  a  photo  of  the 
planet  gear  with  26  teeth  where  60%  of  a  single  tooth  has  been  removed,  stage  d)  of  the 
test  series. 

At  each  stage  in  the  test  series,  at  least  five  minutes  of  vibration  and  tachometer  data  were 
recorded  on  the.FM  tape  recorder  for  further  analysis,  the  epicyclic  gear  rig  being 
operated  at  die  rated  load  of  die  transmission.  For  this  test  sequence,  the  tachometer  probe 
was  located  on  the  output  shaft  rotating  at  a  nominal  speed  of  338  rpm.  Three  channels  of 
vibration  data  were  recorded,  conesponding  to  three  transducer  locations  on  the  gear 
casing.  Ihe  three  locations,  shown  in  Figure  13,  were  on  the  input  shaft  side  of  the  gear 
casing,  axial  direction  close  to  the  input  shaft  bearing,  on  the  annulus  gear  in  the  radial 
direction  and  on  the  output  shaft  side  of  the  gear  casing  in  the  axial  direction. 

These  transducer  positions  enabled  a  comparison  to  be  made  between  the  individual 
epicyclic  component  signal  averages  and  the  composite  signal  averages.  For  the  final  test 
where  80%  of  the  planet  tooth  was  removed,  three  loading  conditions  were  recorded, 
corresponding  to  50%,  100%  and  133%  of  the  rated  load  of  25kW. 

5.2,2  Implanted  Tooth  Notch 

With  the  epicyclic  gearbox  having  the  reduction  ratio  of  3.375  and  the  tachometer  probe 
located  on  the  input  shaft,  a  test  sequence  was  undertaken  which  involved  the  progressive 
implantation  of  a  notch  at  the  root  of  one  of  the  planet  gear  teeth. 

The  notch  was  cut  across  the  full  facewidth  of  the  planet  gear,  tangentially  from  the  root 
of  one  tooth  towards  the  root  of  the  adjoining  tooth.  The  notch  was  cut  by  spark  erosion 
using  a  copper  wire  electrode  of  diameto'  0.2mm.  Hgure  14  shows  a  photo  of  the  test 
planet  gear  with  an  implanted  notch  of  depth  12rom,  the  tooth  root  thickness  being 
3.5iim  A  series  of  five  tests  were  conducted  with  the  notch  dqith  going  from  a) 
undamaged,  b)  1.2mni,  c)  l.Smm,  d)  1.4mm  and  e)  tooth  completely  removed. 
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Various  transducer  positions  were  used  throughout  the  test  series.  Initially  three 
transducers  were  equ^y  spaced  at  120  degrees  around  the  circumference  of  the  annulus 
gear  in  die  radial  direction.  Towards  the  end  of  the  test  series,  the  transducer  locations 
shown  in  Figure  13  were  used  in  order  to  compare  the  composite  signal  averages  with  the 
individual  epicyclic  component  signal  averages.  The  tests  were  conducted  at  the  rated 
load  of  2SkW,  ^though  additional  loa^gs  of  50%  and  133%  of  rated  were  also  used  for 
the  last  two  tests. 

5  J  Sun  Gear  Seeded  Faults 

Two  test  series  using  epicyclic  gearboxes  of  differing  reduction  ratios  were  conducted 
with  the  sun  gear,  seeding  progressively  larger  faults  into  a  localised  portion  of  one  tooth. 
The  test  procedures  were  identical  and  consisted  of  the  progressive  reduction  of  face 
width  of  the  sun  gear  tooth  in  steps  of  20%,  similar  to  the  planet  gear  test  described  in 
section  5.2.1.  The  epicyclic  gearboxes  had  teduction  ratios  given  in  Table  1. 

5  J.1  Tooth  Width  Removal:  Reduction  Ratio  4 J39 

Five  tests  were  conducted  at  the  rated  load  of  18kW.  The  three  transducer  positions  used 
were  those  shown  in  Figure  13,  providing  a  comparison  between  the  two  rignal  averaging 
approaches.  The  tachometer  probe  was  located  on  the  output  shaft  rotating  at  a  nominal 
speed  of  262  rpia  Five  minutes  of  the  vibration  and  tachometer  data  was  tecraded  at  each 
stage  of  the  test  series.  Figure  15  shows  a  photo  of  the  sun  gear  with  28  teeth  having  80% 
of  one  tooth  removed,  corresponding  to  the  last  stage  of  the  first  test 

5JJ  Tooth  Width  Removal:  Reduction  Ratio  3375 

The  five  tests  for  the  second  sun  gear  implanted  fault  were  similar  to  the  first  although  a 
combination  of  transduce  positions  was  used.  For  the  sun  gear  removal  of  40%,  60%  and 
80%  of  the  tooth,  the  transducer  positions  shown  in  Figure  13  were  used.  The  tachraneter 
signal  was  also  taken  from  the  input  shaft  rotating  at  a  nominal  speed  of  1 140  rpm,  and 
the  rated  load  of  25kW  was  used  throughout 


6.0  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Figure  16a  shows  a  typical  carrier  arm  signal  average  from  the  test  series,  taken  with  a 
damaged  planet  gear  with  80%  of  onetooth  removed.  The  amplitude  modulatitxi  from  the 
three  planet  passes  can  be  observed  in  the  signal  average  and  Hgute  16b  shows  the 
amplitude  modulation  component  obtained  fiom  demodulation  of  the  first  mesh 
harmonic. 

The  first  planet  pass  occurs  at  73.5  degrees  with  respect  to  the  carrier  arm  trigger  position 
and  this  value  is  used  by  the  planet  and  sun  gear  sig^  averaging  programs  in  calculating 
the  individual  signal  avenges.  Although  the  signal  average  shown  in  Hgure  16a  was 
obtained  with  a  large  planet  tooth  defect,  no  unusual  vibration  can  be  observed  as  the 
damped  planet  gear  rotation  is  not  syncluonous  with  the  carrier  arm  rotation,  the  load 
sharing  the  three  planet  gears  can  be  seen  in  the  modulation  function  of  Figure  16b 
where  die  first  planet  gear  generams  a  larger  vibration  modulation  dian  the  other  two 
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planet  gears.  Figure  16c  shows  the  anqtlitude  spectnim  of  the  carrier  arm  signal  average. 
As  expected  [31],  heavy  suppression  of  the  first  two  mesh  harmonics  is  observed,  due  to 
the  mesh  phasing  of  the  tLee  planet  gears  and  the  location  of  the  transducer  on  the 
annulus  gear. 

6.1  Planet  Gear  Seeded  Faults 

6.1.1  Tooth  Width  Reduction 

The  rirst  investigation  involving  the  progressive  removal  of  20%  portions  of  the  planet 
tooth  was  conducted  with  the  tachometer  rignal  taken  from  the  carrier  arm  ouq>ut  shaft 
In  this  way  the  damaged  planet  gear  was  always  positioned  so  as  to  be  the  third  planet 
gear  seen  in  the  carrier  arm  signal  average  as  shown  in  Hgure  16.  Figure  17  shows  the 
five  signal  averages  for  the  progresrively  damaged  planet  gear  taken  at  identical 
operating  conditions  at  the  rated  load  of  25  kW.  Each  signal  average  included  data  from 
frfry  passes  of  each  tooth,  using  a  sampling  window  of  one  tooth. 

The  angular  datum/reference  of  the  planet  gear  signal  averages  is  arbitrary,  so  they  must 
be  shifted  in  phase  to  compare  them  directly  with  each  other.  Although  similarities  can  be 
seen  anoong  Ae  five  signal  averages,  even  the  first  three,  where  the  planet  damage  is  not 
visible  in  the  raw  signal  average,  do  not  appear  to  have  identical  mesh  patterns.  The 
reason  for  this  rests  with  the  experimental  procedure  which  was  followed  to  implant  the 
faults  in  the  planet  gear.  At  each  stage  in  the  program,  the  epicyclic  gearbox  had  to  be 
stripped  and  die  planet  gear  removed  from  the  planet  carrier.  Although  the  planet,  sun  and 
armulus  gear  teeA  were  reinserted  in  the  epicyclic  gearbox  in  the  identical  mesh  pattern  at 
each  stage,  the  alignment  and  setup  conditions  could  have  differed  slightly  after 
reassembly. 

The  anqilitude  spectra  for  the  above  mentioned  five  signal  averages  are  shown  in  Figure 
18,  where  the  first  four  mesh  harmonics  of  26  shaft  orders  can  be  seen.  The  common 
factor  of  two  in  the  tooth  numbers  of  the  planet  and  sun  gears  produces  components  of  13 
shaft  orders.  As  expected,  for  the  undWaged  planet  gear  signal  average,  low  level 
modulation  sidebands  were  observed,  whereas  for  the  signal  average  for  the  planet  gear 
with  80%  of  one  tooth  removed,  significuit  modulation  is  apparent  around  all  the  mesh 
harmonics.  The  fundamental  mesh  frequency  of  26  shaft  cideis  was  dominant  for  the 
above  tests,  followed  by  the  second  harmonic.  The  second  mesh  harmonic  was  chosen  frv 
the  narrow  band  time  domain  demodulation  techniques  as  it  was  found  to  show  an  earlier 
indication  of  the  implanted  defect. 

Enhancements  of  the  planet  gear  signal  averages  were  calculated,  and  Figures  19  and  20 
show  the  narrow  band  envelope  and  Polar  plots  from  the  five  planet  gear  signal  averages. 
In  both  the  envelope  and  Polar  diagrams  the  change  in  the  t^ulation  behaviour  about 
the  second  mesh  hatintmic  becomes  parent  when  40%  of  the  planet  tooth  is  removed. 
The  kurtosis  of  the  narrow  band  envelope  exceeds  4.0  at  this  stage.  I¥om  the  Polar  plot,  a 
significant  amount  of  air^litude  modulation  can  be  seen,  even  when  40%  of  tire  planet 
tooth  is  removed.  The  anqrlitude  and  phase  modulation  functions  of  the  damaged  planet 
gear  signal  averages  are  shown  separately  in  Hgures  21  and  22  respectively.  The 
arrqrlitude  modulation  iqqrears  to  moe  sensitive  than  the  phase  modulation  in 
indicating  damage. 
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A  significant  change  can  be  observed  in  the  amplitude  modulation  at  the  40%  tooth 
removed,  whereas  the  phase  modulation  does  not  alter  significantly  until  60%  of  the  tooth 
has  been  removed.  The  kurtoses  of  dw  modulation  functions  are  also  shown  on  the 
Hguies  21  and  22. 

The  kurtoses  of  the  three  modulation  fiinctions  and  two  of  the  Figures  of  Merit  condition 
indices  are  shown  in  Hgute  23  for  the  series  of  five  tests.  The  Figures  of  Merit  used  in  the 
present  investigation  included  the  FM4  and  FM5  kurtosis  values  [4].  The  other  three 
functions  are  the  kurtosis  values  obtained  from  the  narrow  band  envelope  (kenv), 
amplitude  modulation  (kamp)  and  phase  modulation  (kphase).  From  the  comparison 
shown  in  Figure  23,  all  of  the  indices  are  within  the  undamaged  levels  (<3.5)  initiidly  and 
exceed  the  danger  levels  (>4.S)  for  60%  of  the  planet  tooth  removed.  The  first  index  to 
indicate  a  significant  change  was  the  amplitude  ovulation,  as  shown  in  Figure  21,  with  a 
kurtosis  of  5.14  after  40%  of  the  planet  tooth  had  been  removed. 

6.1.2  Tooth  Notching 

The  second  progressive  damage  sequence  involved  the  inttoducdon  of  a  notch  at  the  root 
of  one  of  the  planet  gear  teeth.  Figure  24  ^ows  the  signal  averages  of  the  damaged  planet 
gear  when  the  notch  was  1.4mm  deep  (a),  and  when  the  planet  toodi  was  conqiletely 
removed  (b),  1.4mm  corresponding  to  40%  of  overall  tooth  thickness.  The  mesh  pattern 
in  Hgure  24b  has  high  amplitude  disturbances  at  160  and  340  degrees  as  the  missing 
tooth  rotates  through  the  sun  gear  mesh  and  the  annulus  gear  mesh  respectively. 

The  five  condition  indices  are  shown  in  Hgure  25  as  a  function  of  the  notch  depth.  Two 
of  the  condition  indices,  Kenv  and  FM4  show  danger  levels,  5.33  and  4.89  respectively, 
when  the  inqplanted  notch  was  1.2mm  deep.  Four  of  the  indices  increased  substantially  as 
the  notch  was  deepened  to  1.3mm  and  1.4mm,  however  the  amplitude  modulation 
decreased  slightly. 

When  the  damaged  tooth  was  completely  removed,  all  the  indicators  increased  excq)t  for 
the  narrow  band  envelope  and  phase  kurtoses  which  decreased  slightly.  The  phase 
modulation  became  vety  irregular  at  this  stage  and  was  not  considered  further. 

6.U  Effect  of  Load 

Two  planet  gear  tests  also  provided  an  assessment  of  the  effect  of  load  upon  the  various 
condition  indices.  Hgure  26a  and  26b  show  the  five  condition  indices  as  a  fiinctioa  of 
load  with  80%  one  planet  tooth  reirxrved,  and  with  a  notch  depth  of  1.4mm 
respectively.  Recordings  of  the  vibration  ngnal  were  taken  at  50%,  100%  and  133%  of 
the  rated  load.  In  both  tests,  the  load  had  a  majcH'  iirqract  on  all  of  the  condition  indices. 
These  resuiis  show  that  for  relatively  nuna-  damage  such  as  tiiat  which  qrplied  in  Hgure 
26b,  the  condition  indices  will  give  no  indication  of  change  in  the  condition  of  the  gear 
teeth  mesh  behaviour  uidess  the  applied  load  is  close  to  the  rated  load.  This  is  to  be 
expected,  as  dw  increased  deflection  due  to  damage,  and  hence  changed  meshing  action, 
is  greatest  at  heavy  tooth  load. 
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6.1.4  Number  of  Tooth  Mesh  Cycles 

F(M’  the  qticyclic  cooqtonent  signal  averaging,  the  number  of  tooth  mesh  cycles  included 
in  the  signtd  average  is  limited  by  the  time  record  length  which  may  reasonably  be 
recorded  and  captured  by  conqtuter.  For  the  gearbox  test  facility,  computer  storage  of  the 
digitised  data  was  initially  set  to  a  maximum  of  5.4Mbyte.  This  provided  270  seconds  of 
data  digitised  at  lOKHz.  In  the  present  investigation,  this  translated  to  SO  and  32  tooth 
mesh  cycles  per  average  for  the  r^ucdon  ratios  3.375  and  4.39  respectively. 

With  the  damaged  planet  gear  having  80%  of  one  tooth  removed,  the  effect  of  the  number 
of  tooth  mesh  cycles  in  the  average  was  determined.  Planet  records  were  obtained  for  1, 
2, 3, 4, 5, 10, 15, 20, 25, 30,  35, 40, 45  and  50  tooth  mesh  cycles  and  the  five  condition 
indices  were  computed.  The  results  are  shown  in  Figure  27a,  where  the  recordings  were 
taken  at  the  rated  load.  In  all  of  the  indices,  die  kurtosis  values  can  be  seen  to  stabilise 
after  five  or  more  tooth  mesh  cycles  are  averaged. 

The  amplitude  moduladon  kurtosis  was  lower  than  the  other  condition  indices.  Although 
the  damage  due  to  the  tooth  removal  could  be  seen  in  the  modulation,  the  modulation  was 
very  irregular  over  a  significant  portion  of  the  planet  gear  revolution  resulting  in  a  lower 
index. 

Similar  analysis  was  conducted  fa  die  case  of  40%  of  the  planet  tooth  removed.  In  this 
situation  the  kurtosis  values  of  the  various  enhancement  methods  stabilised  after  20  tooth 
mesh  cycles  were  averaged,  as  shown  in  Figure  27b.  The  number  of  tooth  mesh  cycles 
which  are  averaged  can  be  seen  to  be  crucial  to  the  early  detection  of  localised  planet  gear 
faults.  In  general,  the  smaller  the  localised  tooth  damage,  the  more  tooth  mesh  cycles 
required. 


6.1  J  Effect  of  Window  Width 

The  previously  described  results  have  been  based  upon  the  capture  of  vibradon  data  at 
each  planet  pass,  using  a  window  width  of  one  tooth.  To  determine  the  sensidvity  of  the 
results  to  the  window  width,  planet  averages  were  calculated  using  window  widths  up  to 
+/-  30  degrees  of  planet  gear  mesh.  This  corresponds  to  a  data  capture  width  of  up  to  15 
teeth.  The  effect  of  the  dve  condidon  indices  when  80%  of  one  tooth  was  removed  is 
shown  in  Hgure  28.  In  this  case  the  data  capture  window  width  appears  to  have  had  litde 
influence  on  the  fault  detecdon  for  the  large  tooth  damage. 

The  test  was  repeated  with  only  40%  of  one  planet  tooth  removed.  In  this  simadon,  the 
majority  of  the  five  condition  indices  gave  warning  levels  for  a  window  width  of  a  single 
tooth  c^y.  For  larger  window  widths,  no  indication  of  damage  could  be  found.  This 
suggests,  as  might  be  expected,  that  narrow  window  widths  are  more  effective  for  the 
early  detection  of  tooth  damage. 

6.1^  Comparison  with  Composite  Average 

The  vibration  of  individual  planet  gears  combines  to  produce  a  composite  vibration,  [2/ j, 
from  which  planet  gear  signal  averages  can  be  calculated.  The  relative  rotation  frequency 
given  in  Equation  7  is  used  to  synchronise  the  meshing  vibration  of  die  planet  gears  with 
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the  planet  carrier  rotation.  Three  transducer  positions  shown  in  Hgure  13  were  used  to 
generate  such  composite  planet  gear  averages.  In  each  test  case,  the  transducer  location 
on  the  ouqtut  side  of  the  epicyclic  gearbox  gave  a  better  indication  of  the  implanted  fault 
than  die  other  transducer  positions. 

Hgure  29a  shows  the  composite  planet  gear  average  taken  at  the  rated  load  with  80%  of 
one  planet  gear  tooth  removed,  after  200  synchronous  averages.  This  can  be  compared 
with  Hgure  17e  for  the  individual  epicyclic  ctnnponent  signal  average  at  the  identical 
load  setting  and  with  the  same  implanted  fault 

Figure  29b  shows  the  amplitude  spectrum  of  the  composite  signal  average  shown  in 
Figure  29a.  The  second  mesh  hainranic  (52  shaft  orders)  has  been  almost  conqiletely 
suppressed  due  to  the  differential  mesh  phasing  of  the  planet  gears.  The  first  upper 
si^band  of  the  fundamental  me^  frequency  is  enhanced  for  the  same  reasmi  [31]. 
Significant  modulation  is  present  in  the  signal  average  as  evidenced  by  the  magnitude  of 
the  sidebands.  As  the  second  mesh  harmonic  has  been  suppressed,  the  narrow  band 
envelope  enhancement  about  the  second  mesh  harmonic,  which  was  found  to  be  sensitive 
to  the  fault  detection  using  the  individual  epicyclic  component  signal  averages,  gave  no 
indication  of  damage.  For  this  reason,  the  oivelqie  and  demodulation  analysis  about  the 
first  mesh  harmonic  was  used 

The  Figures  of  Merit  indicators  of  damage  were  found  to  be  more  sensitive  than  the 
narrow  band  envelope  and  demodulation  analysis  fOT  the  composite  signal  averages. 
Hgure  30a  shows  the  narrow  bartd  envelope  of  fhe  composite  planet  average  about  the 
Orst  mesh  harmonic  with  a  bandwidth  of  24  shaft  orders.  The  resultant  kurtosis  gave  a 
damage  indicator  of  4.92.  Hgure  30b  shows  the  Hgure  of  Merit  residual  FM4,  where  the 
impulsive  vibration  can  be  readily  seen,  and  bad  a  residual  kurtosis  of  7.48. 

Hgure  31  compares  the  five  condition  indices  taken  from  the  composite  planet  average  as 
a  function  of  the  percentage  of  rated  load,  for  80%  of  one  planet  gear  tooth  removed  In 
the  analysis  the  nairow  band  was  centered  about  the  first  m^  harmonic.  It  is  evident  that 
the  Hgure  of  Merit  indices  FM4  and  FMS  were  able  to  detect  the  damage  before  the 
naiTow  band  analysis.  This  situation  was  more  pronounced  at  the  high  load  conditions. 

CkntqMuison  with  the  individual  epicyclic  conqronem  signal  averages  shown  in  Hgure 
26a,  obtained  for  the  identical  test  condititms,  shows  that  the  composite  planet  average  is 
far  less  sensitive  than  the  new  planet  gear  signal  averaging  technique.  This  is  mote 
pronounced  for  die  less  severe  planet  tooth  damage.  For  the  test  case  where  60%  of  the 
planet  gear  moth  was  removed,  the  Hgure  of  Merit  indices  of  the  composite  average  gave 
a  warning  level  only  (<4J),  whereas  the  individual  planet  gear  average  gave  kurmsis 
kevels  >4.5  as  shown  in  Hgure  23. 

62  Sun  Gear  Seeded  Faults 

Two  series  of  sun  gear  tests  with  different  transmission  reduction  ratios,  similar  m  the 
{rianet  gear  tests,  were  conducted  m  further  investigate  the  sensitivity  of  the  new  qiicyclk 
component  signal  averaging  technique.  The  investigation  again  included  the  effects  oi 
progressive  damage,  number  at  tooth  mesh  cycles,  moth  window  width  and  a  conqiatison 
with  the  composite  averaging  tedmique. 
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6.2.1  Progressive  Damage 

The  signal  average  of  the  sun  gear  (28  teeth,  reduction  ratio  4.39)  in  the  initial 
undamaged  condition,  is  shown  in  Hgure  32a.  Figure  32b  shows  the  conesponding  sun 
gear  signal  average  with  80%  of  the  sun  gear  tooth  removed.  The  averages  appear  to  be 
very  similar  and  the  damage  is  not  observable  in  the  time  representation.  The 
corresponding  amplitude  spectrum  for  die  inidal  and  damaged  tests  are  shown  in  Figures 
33a  a^  33b  reflectively.  A  slight  increase  in  modulation  sideband  level  can  be  seen  in 
the  damaged  sun  gear  average  in  Figure  33b. 

The  narrow  band  envelopes  for  the  undamaged  sun  gear  and  for  the  sun  gear  with  80%  of 
one  tooth  removed  are  shown  in  Rgure  34a  and  34b  respectively.  Conesponding  Inirtosis 
values  were  calculated  to  be  2.67  and  4.62.  Two  peaks  in  the  envelope  can  be  observed  in 
Figure  34b,  corresponding  to  the  mesh  of  the  damaged  sun  gear  tooth  with  two  of  the 
planet  gears.  The  reason  diat  three  peaks  are  not  observed  in  die  envelope,  corresponding 
to  each  planet  gear  mesh,  is  assumed  to  be  due  to  a  slight  eccentricity  of  the  sun  gear  with 
respect  to  the  planet  gears,  so  that  planet  loading  is  not  equal.  The  Polar  plots  for  the 
initial  and  damaged  sun  gears  are  shown  in  Figure  3Sa  and  35b  respectively.  Two 
significant  changes  in  the  modulation  can  be  observed  in  Figure  3Sb  corresponding  to  the 
damaged  sun  gear  tooth  meshing  with  two  of  the  planet  gears. 

The  signal  averages  of  the  sun  gear  with  40  teeth,  (reduction  ratio  3.375)  in  the 
undamaged  state  and  with  80%  tooth  lemoved  are  shown  in  Figure  36a  and  Figure  36b 
respectively.  The  signal  averages  were  obtained  by  capturing  vibration  data  with  a 
window  width  of  5  teeth,  as  there  is  a  common  factor  of  5  in  the  sun  and  annulus  gear 
teeth  numbers.  The  sun  and  planet  gear  teeth  effectively  mesh  in  groups  of  5;  only  one 
sun  gear  tooth  of  each  group  meshes  with  any  specific  annulus  gear  tooth,  such  as  the 
tooth  closest  to  the  transducer.  This  pattern  of  5  can  be  observed  in  the  signal  average 
obtained  with  the  undamaged  sun  gear  shown  in  Hgure  36a. 

Meshing  of  the  damaged  sun  gear  tooth  can  be  observed  in  the  signal  average  shown  in 
Bgure  36b  at  100  degrees,  220  degrees  and  340  degrees.  The  corresponding  anfilitude 
fiectra  are  shown  in  Figure  37a  and  37b  and  a  signiticant  increase  in  the  modulation 
sideband  levels  can  be  seen  for  the  damaged  sun  gear. 

The  narrow  band  envelopes  are  shown  in  Figures  38a  and  38b  for  the  undamaged  and 
damaged  sun  gear  reflectively,  obtained  with  a  pass  band  of  +/*19  about  the  first  mesh 
harmonic.  The  three  peaks  at  each  planet  pass  can  be  seen  in  the  envelope  at  100  degrees, 
220  degrees  and  340  degrees.  The  change  in  envelope  kurtoss  is  from  2.09  to  934. 
Figure  39a  and  39b  show  the  undamaged  and  damaged  Polar  plots  for  the  sun  gear  with 
40  teeth  and  a  large  modulation  change  can  be  observed  corresponding  to  the  removal  of 
80%  of  a  sun  gear  tooth. 

Condition  indices  calculated  for  the  28  and  40  tooth  sun  gears.  Figures  40a  and  40b,  show 
the  diange  in  the  various  kurtosis  values  as  a  function  of  percentage  of  die  tooth 
removed.  The  duuige  in  gear  oomUtion  was  only  detectable  using  the  new  epicyclic 
signal  averaging  technique  after  80%  of  the  tooth  was  removed. 
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The  phase  modulation  gave  the  greatest  indication  of  damage  in  both  cases,  with  the 
amplitude  modulation  giving  the  least  For  the  sun  gear  with  40  teeth,  the  damage  was 
observed  in  the  anqilitude  modulation  after  only  60%  of  d>e  sun  gear  tocxh  had  been 
removed.  For  the  son  gear  with  28  teeth,  the  FM4  and  FM5  kurtosis  values  did  not  give  a 
wanting  level  even  with  80%  of  the  tooth  removed. 

6J,2  Effect  ot  the  Number  of  Tooth  Mesh  Cycles 

The  sun  gear  signal  averages  calculated  above  were  obtained  after  100  tooth  mesh  cycles 
were  averaged.  Figure  41  shows  the  various  kurtosis  values  for  the  damaged  gear  with  40 
teeth,  where  80%  of  one  tooth  was  removed,  as  a  function  of  the  number  of  tooth  mesh 
cycles.  With  only  one  mesh  cycle,  all  the  kurtosis  values  were  above  the  warning  level  of 
4.5.  After  S  mesh  cycles  the  various  modulation  fimcdons  were  found  to  be  very 
repeatable.  This  result  is  inqtortant  as  it  demonstrates  that  to  large  localised  tooA 
damage,  a  large  number  of  sun  gear  tooth  mesh  cycles  is  not  required. 

623  Effect  of  Window  Width 

The  sun  gear  with  40  teeth  and  80%  of  one  tooth  removed  was  used  to  investigate  the 
effect  of  altering  the  vibration  window  width.  Due  to  the  common  factor  of  S  between  the 
sun  and  annulus  gears,  only  multiples  of  5  teeth  can  be  considered  for  the  window  width. 
Figure  42  shows  the  resultant  ku^is  values  to  the  various  narrow  band  enhancement 
and  Figure  of  Merit  functions,  with  a  vibration  window  width  of  5,  10  and  IS  teeth.  In 
general,  it  was  found  that  the  Hgure  of  Merit  kuitoris  values  increased  slightly  and  the 
modulation  function  kurtosis  values  decreased  slightly,  but  these  changes  were  barely 
significant  and  no  significant  in^novement  can  be  gained  by  increasing  the  window 
width.  A  similar  result  was  observed  to  the  sun  gear  test  with  28  teeth. 

63.6  Comparison  with  Composite  Average 

The  two  sun  gear  test  sequences  provided  an  oppmtunity  to  compare  the  sensitivity  of  the 
new  signal  averaging  technique  with  the  classical  composite  signal  averaging  approach. 
Conqxrsite  sun  gear  signal  averages  were  calculated  at  various  stages  in  the  damage  to 
both  sun  gear  tests.  A  number  of  transducer  positions  were  used  to  calculate  die 
composite  sun  gear  signal  average  as  shown  in  Figure  13.  Preliminary  analysis  diowed 
that  the  best  position  for  detecting  die  sun  gear  faults  was  the  ouqrut  shaft  gear  caring  in 
the  longitudi^  direction,  shown  in  Hgure  13.  This  position  was  used  to  the  calculation 
of  all  subsequent  sun  gear  composite  averages. 

Figure  43a  shows  the  composite  average  calculated  from  the  undamaged  sun  gear  with  28 
teeth,  reduction  ratio  4.39,  after  200  sun  gear  revolutions  with  respect  to  the  carrier  arm. 
The  mesh  pattern  is  nonunitom  duoughout  the  sun  gear  rotation.  The  coireqxxiding 
composite  sun  gear  average  to  80%  of  one  tooth  removed  is  shown  in  Hgure  43b  and  the 
three  changes  in  mesh  pattern  as  the  planet  gears  mesh  with  the  damaged  sun  gear  modi 
can  be  clearly  seen  at  90  degrees,  210  degrees  and  330  degrees. 

Hgntes  44a  and  44b  show  the  conesponding  amplitiide  qiectra  of  dw  composite  averages 
to  the  undamaged  and  damaged  sun  gears  respectively.  The  dCect  die  differential 
planet  mesh  pharing  can  be  observed  in  die  undamaged  spectrum  shown  in  Hgure  44a. 
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The  first  upper  sideband  of  the  second  mesh  harmonic  is  significantly  higher  than  die  first 
lower  sideband,  while  the  reverse  is  true  about  the  first  and  third  mesh  harmonics.  This 
situation  is  more  pronounced  in  Hgute  44b  for  the  sun  gear  with  80%  of  one  tooth 
removed.  The  dominant  !^>ectral  conqionent  is  now  the  first  upper  sideband  about  the 
second  mesh  harmonic  and  the  first  lower  sideband  about  the  third  mesh  harmonic  has 
significantly  increased.  The  modulation  level  in  the  spectrum  of  the  damaged  sun  gear 
has  increased  dramadcally.  particularly  about  the  second  mesh  harmonic. 

The  conqxisite  averages  for  the  damaged  sun  gear  with  40  teeth,  reduction  ratio  3.37S  ate 
shown  in  Figures  45a  and  4Sb  coneqxMiding  to  40%  and  80%  of  tooth  removal.  The  80% 
tooth  damage  can  be  seen  in  the  composite  sun  gear  average  at  an  angular  positicm  of  65 
degrees.  185  degrees  and  305  degrees  as  each  planet  meshes  with  the  damaged  sun  gear 
tooth.  Corresponding  amplitude  spectra  are  shown  in  Figures  46a  and  46b.  The 
differential  mesh  phasing  ^ows  up  dramatically  in  both  the  amplitude  spectra,  where  the 
mesh  components  for  the  first  two  harmorucs  are  suppressed  and  the  sidebands  become 
dominant  As  predicted  this  does  not  occur  for  the  thM  mesh  harmonic,  but  does  for  the 
fourth.  A  significant  increase  in  modulation  information  can  also  be  observed  about  the 
mesh  harmonics  as  the  damage  increases. 

The  condition  indices  of  the  composite  average  for  the  test  series  with  28  sun  gear  teeth 
are  shown  in  Figure  47  as  a  function  of  percentage  of  tooth  width  removal.  The  damage  is 
detected  by  the  kurtosis  values  when  80%  of  the  tooth  is  removed.  Of  note  is  that  the 
kurtosis  of  the  phase  modulation  does  not  reveal  any  change  in  gear  condition.  This  is 
likely  to  be  due  to  the  mesh  phasing  problem  and  the  corresponding  suppression  of  the 
mesh  harmonics.  Hgure  48  stows  the  kurtosis  values  of  the  composite  average  with  40 
teeth  as  the  implanted  tooth  damage  increases.  The  Figure  of  Merit  kurtosis  values  were 
found  to  be  the  most  sensitive,  die  damage  being  detected  at  60%  toodi  removal. 

Once  again,  the  sideband  cancellation  causing  asymmetry  in  the  spectrum  is  thought  to  be 
the  reason  that  the  narrow  band  enhancement  techniques  could  not  detect  die  toodi 
damage  before  80%  of  the  tooth  was  removed.  The  kurtosis  values  as  a  function  of  tooth 
removal  for  the  composite  sun  gear  averages  shown  in  Figures  47  and  48  should  be 
conqnred  to  Figures  40a  and  40b,  the  sun  gear  signal  averages  calculated  with  the  new 
epicyclic  conqionent  signal  averaging  technique.  The  narrow  band  enhancement 
techniques  were  found  to  provide  the  best  indication  of  damage  in  both  instances. 

Altnough  the  sun  gear  damage  was  only  detected  after  80%  of  one  tooth  had  been 
removed,  the  composite  sun  gear  average  was  found  to  be  just  as  sensitive  as  the  new  sun 
gear  signal  averaging  technique.The  results  obtained  for  the  40  tooth  sun  gear  tests. 
Figures  40b  and  48,  stowed  that  the  composite  average  gave  the  earliest  indication  of  sun 
gear  damage,  the  Hgure  of  Merit  indices  having  kurtosis  values  above  4.5  after  60%  of 
tto  sun  gear  tooth  was  removed.  The  earliest  indicatimi  of  damage  with  the  new  signal 
averaging  technique  was  after  80%  of  the  sun  gear  tooth  was  removed. 

The  reascm  why  the  new  sun  gear  signal  averaging  technique  is  not  as  sensitive  as  die 
composite  signad  average,  is  diought  to  be  the  placing  of  the  transducer.  By  placing  die 
transducer  close  to  the  centreline  of  the  gearbox,  the  transmission  path  from  tto  sun  gear 
tooth  mesh  through  die  planet  gear  and  carrier  arm  to  tto  transducer  may  be  more  direct 
than  tto  transmission  pafo  through  tto  planet  and  tumulus  gear  mesh,  tto  vibration  signal 
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measurcd  near  the  centre  line  of  the  transmission  should  also  have  less  interference  from 
the  planet  pass  modulation  detected  on  the  annulus  gear.  These  factors  should  mhance 
the  sun  gear  teeth  meshing  vibration  over  the  planet  gear  teedi  meshing  vibration  as 
measured  near  the  gearbox  centreline. 

6  J  Recommendatitms  for  Further  Work 

As  a  result  of  the  current  investigation,  a  number  of  suggestions  for  further  work  can  be 
made.  These  include; 

1 .  Speed  up  the  averaging  procedure  by  collecting  additional  data.  One  option  would 
be  to  use  multiple  transducers  located  either  around  the  circumference  of  the 
atmulus  gear  or  in  a  sector  cmresponding  to  a  planet  gear  levoludon.  The  time 
period  of  the  vibration  record  required  for  the  planet  gear  averaging  process  can 
be  related  to  the  number  of  planet/armulus  gear  teeth  and  the  rotational  q[>eed  of 
typical  helicopter  transmisaons.  Assuming  at  least  twenty  planet  tooth  mesh 
cycles  are  requited,  at  least  20Np  tevoludons  of  the  planet  carrier  are  necessary. 

2.  Invesdgate  altemadve  narrow  band  enhancement  techniques  for  use  with 
composite  sun  gear  signal  averages.  The  conqxrsite  sun  gear  signal  averages  have 
phase  infrxmadon  from  the  meshing  of  the  different  planet  gears,  which  could 
possibly  be  used  as  a  further  diagnosdc  tool. 

3.  Experimental  verificadon  of  the  new  technique  should  be  expanded  to  establish  its 
effecdveness  and  sensitivity  in  relation  to  other  forms  of  tooth  damage  such  as 
surface  ^qralling.  The  results  of  the  present  experiments  give  little  guide  to  the 
sensitivity  of  the  technique  for  titese  different  types  of  faults. 


7.0  CONCLUSIONS 

The  principles  of  a  new  epicyclic  signal  averaging  techiuque  have  been  outlined  in  this 
rqroft,  and  results  from  four  test  sequences  reported  and  discussed.  Conclusions  of  the 
investigation  ate : 

1.  The  planet  pass  modulation  provides  a  means  of  detecting  the  location  of  the 
planetary  gears  with  respect  to  a  transducer  mounted  on  the  aruulus  gear.  By 
demodidating  the  vibration  synchronous  with  the  carrier  arm  revolution,  the 
planet  pass  can  be  readily  seen. 

2.  The  new  qricyclic  component  signal  averaging  techiuque  is  superior  to  previous 
methods  for  the  calculation  of  individual  planet  gear  signal  averages.  An 
implanted  defect  in  the  planet  gear  of  40%  tooth  width  renxivai  was  detectable 
using  the  new  technique.  Using  the  composite  planet  signal  average  the  earliest 
detectable  fault  was  when  60%  of  tooth  width  was  renxn^ 
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3.  The  composite  sun  gear  average  was  shown  to  be  more  sensitive  than  the  new 
signal  averaging  technique  for  sun  gears  when  optimum  transducer  placement  is 
used.  Tests  showed  that  using  the  composite  signal  average,  the  implanted  sun 
gear  fault  was  detected  when  60%  of  the  tooth  width  was  removed  compared  with 
80%  of  the  tooth  width  when  using  the  new  signal  averaging  technique. 

4.  The  artificial  faults  implanted  in  the  planet  and  sun  gears  described  in  this  report 
effectively  represent  a  reduction  in  tooth  stiffness.  The  new  signal  averaging 
technique  would  be  expected  also  to  be  useful  for  detecting  a  range  of  other  planet 
and  sun  gear  mesh  faults,  including  localised  and  distributed  defects  such  as 
spalling,  wear  and  fatigue  cracks. 

5.  The  transducer  location  is  an  important  factor  in  providing  the  earliest  indication 
of  sun  gear  damage  using  composite  averaging.  The  best  indication  was  obtained 
when  the  transducer  was  positioned  close  to  the  output  shaft  bearing. 

6.  The  rurming  load  has  a  significant  effect  upon  the  detection  capability  of  the 
signal  averaging  enhancement  techniques.  Enhancement  techniques  detect 
localised  tooth  damage  best  where  a  sigruficant  amount  of  tooth  bending  occurs. 

7.  The  actual  number  of  tooth  mesh  cycles  averaged  in  the  new  technique  is  less 
critical  than  at  first  thought  However,  at  least  20  tooth  mesh  cycles  are 
recommended  for  both  planet  and  sun  gear  averaging. 

8.  The  effect  of  the  width  of  the  window  of  vibration  captured  at  every  planet  pass  is 
less  sensitive  than  first  anticipated.  A  window  width  of  a  single  tooth  is 
recommended,  as  no  sigruficant  advantage  was  gained  by  using  multiple  tooth 
widths.  However,  the  window  width  must  at  least  equal  any  common  factors 
existing  between  tooth  numbers. 

9.  Cbmposite  averages  cause  diffkuities  when  using  the  narrow  band  demodulation 
and  enhancement  techniques,  due  to  the  difierential  planet  gear  mesh  phases 
which  occur  in  epicyclic  transmissions.  Often  the  upper  and  lower  sidebatids  are 
of  greater  magnitude  than  the  mesh  harmonic,  rendering  the  narrow  band 
envelope  and  Polar  plot  unusable. 
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Figure  1 .  Carrier  arm  aignal  average  from  a  Sea  King  transmisaion. 
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Figure  3.  Amplitude  modulation  of  carrier  arm  aignal  average. 
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Figure  4.  Complex  rotating  vector  and  Ita  prcHectiona. 
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Figure  10.  Computer  hardware. 
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FIGURE  12.  DAMAGED  PLANET  WITH  60%  OF  THE  WIDTH  OF  ONE  TOOTH  REMOVED 


FIGURE  13.  PHOTOS  OF  THE  TRANSDUCER  MOUNTED  ON  THE 
GEAR  CASE,  (a)  INPUT  SIDE  (b)  OUTPUT  SIDE 
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Figure  15.  Damaged  sun  gear  with  80%  of  tooth  removed. 
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Figure  16a.  Carrier  arm  signal  average. 
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Figure  16b.  Amplitude  modulation  of  carrier  arm  signal  avaraga. 
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Figure  16c.  Frequency  spectrum  of  the  carrier  arm  signal  average. 
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Rgure  17a.  Undamaged  planet  gear  signal  average. 
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Figure  17b.  Planet  gear  signal  average.  20%  of  one  tooth  removed. 
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Figure  17c.  Planet  gear  signal  average.  40%  of  one  tooth  removed. 
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Hgure  17d.  Planet  gear  aignai  average.  60%  of  one  tooth  removed. 
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Rgure  17a.  Planet  gear  signal  average.  80%  of  one  tooth  removed. 
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Figure  18a.  Frequency  spectrum  of  planet  gear  signal  average. 


Figure  18b.  Frequency  spectrum  with  20%  of  one  tooth  removed. 
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Figure  1 8c.  Frequency  spectrum  with  40%  of  one  tooth  removed. 
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Figure  18e.  Frequency  spectrum  with  80%  of  one  tooth  removed. 
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Rgure  19a.  Narrow  band  envelope  of  undamaged  planet  gear. 
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Rgura  19b.  Narrow  band  anvalopa  with  20%  of  ona  tooth  ramovad. 


Rgura  19e.  Narrow  band  anvalopa  with  40%  of  ona  tooth  rantovad. 


Figure  19d.  Narrow  bartd  envelope  with  60%  of  one  tooth  removed. 


Figure  19e.  Narrow  band  envelope  with  80%  of  one  tooth  removed. 
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Flgur*  20a.  Polar  plot  of  tha  undamagad  planat  gaar  avarage. 


Flgura20b.  Polar  plot  wtth  20%  of  ona  tooth  ramovad. 
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gure  20c.  Polar  plot  with  40%  of  one  tooth  removad. 
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Rgur*  20d.  Polar  plot  with  60%  of  ona  tooth  ramovad. 
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Figure  20e.  Polar  plot  wrtih  80%  of  one  tooth  removed. 


Hgure  21  a.  Amplitude  of  the  undemeged  planet  gear  average. 
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Figure  21b.  Amplitude  with  20%  of  one  tooth  removed. 
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Figure  21  e.  Amplitude  with  40%  of  one  tooth  removed. 
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Figure  21  d.  Amplitude  with  60%  of  one  tooth  removed. 


Rgure  21  e.  Amplitude  with  80%  of  one  tooth  removed. 


Figure  22a.  Phase  of  the  undamaged  planet  gear  signal  average. 


Rgure  22b.  Phase  wKh  20%  of  one  tooth  removed. 


Figure  22c.  Phase  with  40%  of  one  tooth  removed. 


Rgure  22d.  Phase  with  60%  of  one  tooth  removed. 


Figure  22e.  Phase  with  80%  of  one  tooth  removed. 


Figure  23.  Trend  of  five  condition  indexes. 


Acceleration  (g)  o»  o>  Acceleration  (g) 


6 


Figure  24a.  Planet  gear  signal  average  with  1 .4min  notch. 


Figure  24b.  Planet  gear  signal  average  with  tooth  removed. 
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Figure  25.  Condition  indexes  as  a  function  of  notch  depth. 


Figure  26ri.  Effect  of  load  with  80%  of  one  tooth  removed. 


Kurtosis  Kurtosis 


Percentage  of  rated  load 


Figure  26b.  Effect  of  load  with  1.4mm  notch. 


Figure  27a.  Effect  of  number  of  tooth  mesh  cycles. 


80%  of  one  tooO)  removed. 
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Figure  27b.  Effect  of  the  number  of  tooth  mesh  cycles. 
40%  of  one  tooth  removed. 
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Figure  28.  Effect  of  window  width. 


80%  of  one  tooth  removed. 


Figure  29b.  Frequency  epeetrum  of  compoeite  planet  average. 


80%  of  one  tooth  removed. 
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Figure  31 .  Effect  of  load  upon  the  composite  planet  average. 
80%  of  one  tooth  removed. 
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Figure  32a.  Undamaged  sun  gear  signal  average. 
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Figure  32b.  Sun  gear  signal  average. 

80%  of  one  tooth  removed. 


Rgure  33a.  Frequency  spectrum  of  undamaged  sun  gear  average. 


Figure  33b.  Frequency  spectrum  of  the  sun  gear. 
80%  of  one  tooth  removed. 


Figure  34a.  Enveiope  of  the  undamaged  sun  gear  average. 
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gure  35b.  Polar  plot  with  80%  of  one  tooth  removed. 


Figure  36a.  Undamaged  eun  gear  aignal  average  with  40  teeth. 


Figure  36b.  Sun  gear  signal  average. 

80%  of  one  tooth  removed. 


Figure  37a.  Frequency  spectrum  of  undamaged  sun  gear  average. 
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Figure  37b.  Frequency  spectrum  with  80%  of  one  tooth  removed. 


Figure  38a.  Envelope  of  the  undamaged  sun  gear  signal  average. 
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Figure  38b.  Narrow  band  envelope  with  80%  of  one  tooth  removed. 


Figure  39a.  Polar  plot  of  the 
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Figure  39b.  Polar  plot  with  80%  of  one  tooth  removed. 
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Figure  40a.  Condition  indexes  as  a  function  of  tooth  removal. 
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Figure  40b.  Condition  indexes  as  a  function  of  tooth  removal. 
40  tooth  sun  gear. 


Figure  41 .  Effect  of  the  number  of  tooth  mesh  cycles. 
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Figure  42.  Effect  of  the  vibration  window  width. 


Figure  43a.  Composite  undamaged  sun  gear  signal  average. 
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Figure  43b.  Composite  sun  gear  average. 

80%  ot  one  tooth  removed. 


Figure  44a.  Frequency  spectrum  of  the  compostte  signal  average. 
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Figure  45b.  Composite  sun  gear  average. 
80%  ot  one  tooth  removed. 
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Figure  46a.  Frequency  spectrum  with  40%  of  one  tooth  removed. 


Figura  47.  Condition  indoxos  as  a  function  of  tooth  ramovai. 
28  tootn  tun  gMr. 
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Figure  48.  Condition  indexes  as  a  function  of  tooth  removal. 


40  tooth  sun  gear. 
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